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Electron excitation cross sections for the 2s22p 2Po\2s2p2 4P and 2s2p2 2D transitions in O3¿
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Experimental and theoretical electron-excitation cross sections are reported for the 2s22p 2Po

→2s2p2 4P and→2s2p2 2D transitions in O31. The transition energies are centered at 8.85 and 15.7 eV,
respectively. Measurements are made using the energy-loss merged-beams method. The center-of-mass energy
range covered is 6.1~below threshold! to 19.3 eV. Comparison is made with results of new calculations in a
25-stateR-matrix theory and with results in a previous eight-stateR-matrix calculation. The presence of rich
resonance structure is confirmed in both experiment and theory. In most cases there is good agreement in the
magnitude of cross section, and energy location of the resonances.
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I. INTRODUCTION

Optical emissions from highly charged ions provide im
portant diagnostics of both electron temperature and den
in high-electron temperature plasmas. Such plasmas are
countered in solar and stellar atmospheres, shock-heated
tions of circumstellar clouds and the interstellar medium, a
in planetary magnetospheres~such as the Io torus!. Highly
charged ions~HCI’s! including carbon, nitrogen, oxygen
nickel and iron ions are also present in fusion plasmas
impurities sputtered into the plasma from plasma-wall co
sions. In all cases, knowledge of excitation cross sections
required to understand the plasma density and tempera
and to model the cooling rate of the plasma from radiatio

Line intensity ratios for the O31 intercombination multip-
lets near 1400 Å have been used as electron density-sen
diagnostics for analysis of solar and stellar transition regi
@1–3#, novae@4#, and quasars@5#. The O31 ground-state fine
structure splitting at 25.91mm has also been used as part
an infrared line intensity ratio~combined with an emission a
a nearby wavelength from another species, such as Ne1) to
search for active-galactic nuclei@6#. All upper levels,
whether excited in a star or in cooler interstellar regions,
populated predominantly by electron impact. A summary
the O31 energy levels relevant to this work is given in Fig.

Theoretical studies in the O31 system have included ca
culation of energy levels and collision strengths using
close couplingR-matrix theory@7–9#, the calculation of en-
ergy levels and optical oscillator strengths using a multic
figuration Hartree-Fock theory@10#, and a close-coupling
R-matrix approach@11#.

II. EXPERIMENTAL DETAILS

Measurements of absolute cross sections were carried
at the JPL Highly Charged Ion Facility using a 14.0 GH
electron-cyclotron resonance ion source~ECRIS! and
merged-beams system. The experimental details have
previously given in Greenwoodet al. @12# and Chutjianet al.
@13#. The arrangement of the facility’s beam lines may
found in Smithet al. @14#. Briefly, a beam of O31 ions is
derived from the ECRIS at an extraction voltage of 7.0 k
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or at a beam energy of 7.0q keV521.0 keV. Molecular oxy-
gen was used as the feed gas, with no other supporting
used. The O31 ions are mass-charge analyzed in a doub
focusing 90° bending magnet. The beam is focused into
center of the interaction region through a series of baffl
differential-pumping regions and lens systems. The O31

beam is merged with a magnetically confined electron be
whereby the electrons are trochoidally deflected onto the
beam. The electrons and ions interact along the 2
60.3 cm merged path length. After the interaction, the co
fined inelastically scattered electrons are then demerged f
the ions using a second trochoidal analyzer. Detection is
means of a position sensitive detector at the exit of the s
ond trochoidal system. Beam-overlap profiles are measu
with both beams running, and at four locations along
merged path using vanes with circular holes that intersect

FIG. 1. Energy-level diagram of O31 indicating the fine-
structure wavelengths, including the ground-state transition at 2
mm useful in galactic infrared line searches. The excitatio
2s22p 2Po→2s2p2 4P and 2s22p 2Po→2s2p2 2D are studied
herein.
©2003 The American Physical Society08-1
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beams at different radial distances from the merged a
Discrimination against elastically scattered electrons
through an electronic aperture that selectively filters el
trons with large Larmor radii~i.e., the elastically scattere
ones! prior to the trochoidal analyzer@12#, and through the
use of retarding grids after the analyzer. Any remaining e
tically scattered electrons which can overlap the inela
spectrum are accounted for~and subtracted! through the use
of trajectory modeling and elastic differential cross sectio
dsel /dV calculated from the standard Coulomb-scatter
expression for a triply ionized target given asdsel /dV
51.166310214 E2 sin4 (u/2) cm2/sr for center-of-mass
angleu and energy E. These three features, combined w
the velocity dispersion of the trochoidal analyzer, allow o
to carry out measurements at energies both at and sig
cantly above threshold.

The basic relation between the experimentally measu
quantities and the cross sections(E) (cm2) at energyE is
given as

s~E!5
Rqe2F

«I eI iL
U vev i

ve2v i
U, ~1!

whereR is the total signal rate (s21), q is the ionic charge
state~here,q53), e is the electron charge (C), I e andI i are
the electron and ion currents (A) respectively,ve andv i are
the electron and ion velocities (cm s21) respectively,L is the
merged path length~cm!, « is the combined efficiency of the
rejection grids–microchannel-plate detection system~dimen-
sionless!, and F is the overlap factor between the electr
and ion beams (cm2). All quantities in Eq.~1! are measured
or for the particle velocities, are determined through th
acceleration potentials.

III. THEORETICAL CONSIDERATIONS

The present 25-stateR-matrix calculations for electron
impact excitation of O31 are performed for the 2s22p 2Po

→2s2p2 4P and 2D transitions in the low-energy regio
from threshold to 25 eV to compare with the measured cr
sections. Earlier calculations for electron impact excitat
of fine-structure transitions were presented by Luo a
Pradhan @7# and Blum and Pradhan@8#. They included
eight LS states (2s22p 2Po, 2s2p2 4P, 2D, 2S, 2P,
2p3 4So, 2Do, 2Po) in the close-coupling expansion in the
R-matrix calculations inLS-coupling and used an algebra
transformation from theLS to a pair-coupling scheme t
obtain collision strengths and rates for the fine-structure tr
sitions.

The present calculations take into account electron co
lation and coupling to low-lying as well as to higher excit
states to obtain accurate theoretical cross sections. Fairly
tensive configuration-interaction~CI! wave functions are
used to represent the target states. Nine orthogonal
electron orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, and 4d
describe the target wave functions that have been calcul
using the multiconfiguration Hartree-Fock~MCHF! atomic-
structure package@15#. The 1s, 2s, and 2p orbitals were
first generated in a simple Hartree-Fock~HF! calculation of
06270
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the ground 1s22s2 2p 2Po state. The 2p orbital was then
reoptimized on the average of the 2p3 4So, 2Do, and 2Po

states. The spectroscopic 3s, 3p, 3d, 4s, and 4p orbitals are
optimized on the 2s2p3s, 2s2p3p, 2s2p3d, 2s24s, and
2s24p states. The 4d function is correlation type and is op
timized on the 2s22p 2Po ground state.

The convergence of CI expansions for differentLS sym-
metries was tested by considering up to two electron exc
tions from the basic configurations 2s22p, 2s2p2, 2p3,
2s2p3s, 2s2p3p, 2s2p3d, 2s23s, 2s23p, 2s23d, 2s24s,
and 2s24p. The configurations with mixing coefficients les
than 0.005 were then omitted from the CI expansions. In
final calculation the symmetries2Po, 2Do, 4So, 4Po, 4Po,
4Fo, 4D, 4P, 4S, 2D, 2P, and 2S have been represente
by 55, 30, 8, 20, 15, 13, 16, 11, 8, 43, 32, and 43 confi
rations, respectively which add up to a total of 279 config
rations. The quality of target wave functions is assessed
comparing the calculated excitation energies with valu
available from the NIST compilation@16#. There is very
good agreement between the calculated values and the N
compilation, as shown in Table I.

The wave function describing the electron-ion system
the internal region surrounding the atom withr<a is ex-
panded in terms of energy-independent functions@17#

TABLE I. Excitation energies of the O31 states included in the
present 25-stateR-matrix calculation.

State index LS state

Energy~eV!

Calculated Observed

1 2s22p 2Po 0.0 0.0
2 2s2p2 4P 8.74 8.81a

3 2s2p2 2D 15.95 15.69a

4 2s2p2 2S 20.83 20.37
5 2s2p2 2P 22.79 22.39
6 2p3 4So 28.67 28.70
7 2p3 2Do 31.84 31.64
8 2p3 2Po 36.26 35.82
9 2s23s 2S 44.30 44.33
10 2s23p 2Po 48.34 48.37
11 2s23d 2D 52.14 52.00
12 2s2p3s 4Po 54.40 54.42
13 2s2p3s 2Po 56.25 56.15
14 2s2p3p 2P 57.94 57.92
15 2s2p3p 4D 58.12 58.08
16 2s2p3p 4S 58.87 58.81
17 2s2p3p 4P 59.39 59.37
18 2s2p3p 2D 59.96 59.98
19 2s24s 2S 60.14 60.22
20 2s2p3p 2S 61.40 61.09
21 2s2p3d 4Fo 61.44 61.40
22 2s2p3d 4Do 61.97 61.96
23 2s2p3d 2Po 62.02 61.98
24 2s2p3d 2Do 62.26 62.17
25 2s2p3d 4Po 62.49 62.49

aTake into account the fine-structure splitting of the ground stat
8-2
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Ck5A(
i j

ai jkF̄ iuj~r !1(
j

bjkf j , ~2!

where F̄ i are channel functions formed from the mul
configurational functions of the target states anduj are the
radial basis functions describing the motion of the scatter
electron. The operatorA antisymmetrizes the wave function
and ai jk and bjk are expansion coefficients determined
diagonalizing the (N11)-electron Hamiltonian. The func
tions f j in Eq. ~2! are of bound-state type and are includ
for completeness and to allow for short-range correlation
fects. The radius of theR-matrix box was chosen to b
16.4a0 to accommodate all nine orbitals. A total of 28 co
tinuum orbitals were used in each channel so that good c
vergence was obtained for electron energies of interest.
calculated target state energies were adjusted to the obse
values prior to diagonalization in order to facilitate a mo
meaningful comparison of cross section with experime
TheR-matrix calculations were carried out for partial wav
with L50 – 20 using theR-matrix computer packages@17#.
These partial waves were sufficient to obtain converged c
sections for the transitions considered here.

IV. RESULTS AND DISCUSSION

Shown in Fig. 2 are results of the present 25-st
R-matrix calculation and the earlier 8-stateR-matrix calcu-
lation of Luo and Pradhan@7# for the intersystem
2s22p 2Po→2s2p2 4P transition in the energy region be
tween the 4P ~8.810 eV! and 2D ~15.690 eV! thresholds.
There is overall good agreement for the two transitions c
sidered in the present work. There are several Rydberg s
of resonances converging to the 2s2p2 2D threshold. The
overlapping of these series makes the resonance stru
complicated. The resonance structure in the calculation
Luo and Pradhan is shifted to the lower energy side. T

FIG. 2. Results of calculations for excitation of the 2s22p 2Po

→2s2p2 4P transition in O31. Shown are results in an eight-sta
R-matrix calculation@7# ~dashed line! and present results in a 25
state R-matrix calculation ~solid line!. The arrow indicates the
threshold for this transition at 8.810 eV.
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shift may have been caused by the lower calculated valu
the 2s2p2 4P threshold in their calculation~8.56 eV!, as
compared to present theory~8.74 eV! and to the spectro-
scopic value~8.810 eV!. The background cross section
away from resonances in the present calculation are lo
than those of the eight-state calculation. These discrepan
in the background cross sections are perhaps caused b
difference in target wave functions used in the two scatter
calculations. There are also differences in the widths a
peaks of resonances caused by the additional coupling to
higher excited states in the present work. It is clear that
resonances make substantial enhancements in the cross
tions.

Results of the present 25-stateR-matrix calculation and
experimental measurements are shown in Figs. 3 and 4
the 2s22p 2Po→2s2p2 4P intersystem transition and th
2s22p 2Po→2s2p2 2D resonance transition, respectivel
The total error in the experimental data is 18%~1.7s!. The

FIG. 3. Experimental and theoretically calculated cross secti
for excitation of the 2s22p 2Po→2s2p2 4P transition in O31. Er-
ror bars are total absolute errors at each energy. The solid cir
and solid line are experimental and calculated results, respecti
The arrow indicates the threshold for this transition at 8.810 eV

FIG. 4. Experimental and theoretically calculated cross secti
for excitation of the 2s22p 2Po→2s2p2 2D transition in O31. Er-
ror bars are total absolute errors at each energy. The solid cir
and solid line are experimental and calculated results, respecti
The arrow indicates the threshold for this transition at 15.690 e
8-3
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TABLE II. Absolute experimental excitation cross sections for the 2s22p 2Po→2s2p2 4P and
2s22p 2Po→2s2p2 2D transitions in O31. Threshold energies for the2Po→4P and 2Po→2D transitions
are 8.810 and 15.690 eV, respectively. Nonzero cross sections below threshold are due to the electro
spread in the primary beam. The unit of cross section is 10216 cm2.

2s22p 2Po→2s2p2 4P transition 2s22p 2Po→2s2p2 2D transition
EnergyE ~eV! s(E) EnergyE ~eV! s(E)

7.71 0.002 14.1 0.071
7.81 0.033 14.6 20.082
8.51 0.071 14.7 0.032
8.60 0.119 14.8 0.119
9.00 0.237 15.2 0.051
9.17 0.108 15.4 0.107
9.38 0.252 15.6 0.302
9.75 0.232 15.7 0.543
9.99 0.503 16.0 0.781

10.2 0.467 16.1 0.653
10.4 0.465 16.4 0.718
10.5 0.329 16.5 0.686
10.6 0.413 16.6 0.714
10.7 0.377 16.8 1.18
10.8 0.238 16.9 1.82
10.9 0.158 17.1 0.794
10.96 0.240 17.23 0.888
11.1 0.326 17.25 1.08
11.5 0.251 17.5 0.592
11.75 0.227 17.6 0.431
11.77 0.294 18.16 0.572
11.8 0.439 18.2 0.757
12.0 0.652
12.1 0.543
12.2 0.837 18.3 0.731
12.4 0.652 18.5 0.459
12.66 0.721 18.9 0.837
12.7 0.285 19.0 0.607
12.79 0.295 19.3 0.354
12.8 0.187
13.1 0.219
13.8 0.426
14.1 0.430
14.35 0.289
14.4 0.201
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component errors were: counting statistics; errors inF, L,
I e , I i ; metastable fraction in the ion beam, correction for t
overlapping elastic contribution, and correction for overla
ping between the two transitions at the energies above
opening of the2Po→2D transition at 15.690 eV@18#. The
experimental values are listed in Table II. Each experime
value in Figs. 3, 4, and Table II is the result of 1–8 measu
ments.

In order to compare experiment and theoretical result
comparable resolutions, the theoretical results were fur
convoluted with an energy-dependent widthDE taken from
the experimental measurements. This resulted in a broa
ing of the calculated sharp and densely packed resona
structure, nevertheless leaving clearly defined resona
06270
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enhancements in the calculation. The widthDE
in the c.m. frame is simply given by DE
5DEe@1 – 5.834331023 (Ei /Ee)

1/2# @18#. Here,DEe is the
electron energy width~full width at half maximum! in the
laboratory frame, andEe , Ei are the electron and ion labo
ratory energies, respectively. In the present case the O31 ions
were accelerated to an energy of 7.0q keV521.0 keV, and
hence the broadening expression in terms of the elec
laboratory energy isDE5DEe@1 – 0.84545/Ee

1/2#. The value
of DEe is measured to be 0.104 eV.

Evidence for the strong resonance enhancement in c
section is clearly seen for each transition. For the low
energy 2Po→4P transition clear enhancements are seen
threshold, in the energy ranges 9.9–10.9, 11.8–12.7,
8-4
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near 14 eV. There is good agreement in energy location
the calculated and measured structures, consistent with
inherent width of the resonances and the error in the elec
energy scale~0.1 eV!. Measurements above 14.4 were a
fected by an elastically scattered electron contribution,
by overlap with the underlying2Po→2D transition. The cor-
rection for the elastic scattering contribution to the inelas
signal, typically in the range 0–20 %~and accurate to abou
5%!, exceeded that for contribution from the underlyingP
→D transition. For example, taking the worst case of
P→P transition at 19.0 eV, correction for the elastic scatt
ing contribution was 26%; whereas correction for the und
lying P→D transition was only 3.7%. Results for the highe
energy and 2Po→2D transition ~Fig. 3! again shows
resonance enhancement due to multiple, sharp resonanc
the range 16.7–17.5 eV. There appears to be a differe
between experiment and theory, with the experimental m
mum closer to 16.9 eV and calculations peaking near 1
eV. This difference could arise from~either or both! the fact
that the resonance components contributing to the sm
shoulder at 17.0 eV are actually broader than calcula
hence are more easily resolved in the experiment; or tha
main peak at 17.2 eV is calculated to be at an energy 0.2–
eV too high. Although the calculated excitation thresho
have been adjusted to measured values, the calculated
ys

e
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tions of resonances may still be slightly shifted compared
measured positions.

In summary, there is overall good agreement between
solute excitation cross section measurements for
O31 2Po→4P intersystem transition and the2Po→2D reso-
nance transition; and results of a 25-stateR-matrix calcula-
tion. The agreement extended over energies from thres
to 1.63 and 1.23 threshold, respectively. This allows one
smoothly carry a theoretical calculation from higher energ
~where merged-beams and energy-loss measurements
more difficult and calculations relatively easier! into the
threshold region where the reverse is true. The large rang
energies is important for modeling the large range of elect
temperatures encountered in cool interstellar regions, ho
confined fusion plasma, solar corona, and the hi
temperatures of solar flares and novae.
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